Recent studies have evaluated whether incorporating nontraditional risk factors improves coronary heart disease (CHD) prediction models. This 1986-2001 US study aggregated the contribution of multiple single nucleotide polymorphisms into a genetic risk score (GRS) and assessed whether the GRS plus traditional risk factors predict CHD better than traditional risk factors alone. The Atherosclerosis Risk in Communities (ARIC) cohort was followed for a median of 13 years for CHD events (n ¼ 1,452). Individuals were genotyped for 116 single nucleotide polymorphisms associated with CHD in multiple case-control studies. Single nucleotide polymorphisms nominally predicting incident CHD in the ARIC study were included in the GRS. The GRS was significantly associated with incident CHD in Blacks (hazard rate ratio ¼ 1.20, 95% confidence interval: 1.11, 1.29) and Whites (hazard rate ratio ¼ 1.10, 95% confidence interval: 1.06, 1.14) as well as in each tertile defined by the traditional cardiovascular risk score (p 0.02). When receiver operating characteristic curves based on traditional risk factors were recalculated after the GRS was added, the increase in the area under the receiver operating characteristic curve was statistically significant for Blacks and suggestive of improved CHD prediction for Whites. This study demonstrates the concept of aggregating information from multiple single nucleotide polymorphisms into a risk score and indicates that it can improve prediction of incident CHD in the ARIC study. cardiovascular diseases; genetics; polymorphism, genetic; risk factors Abbreviations: ACRS, ARIC Cardiovascular Risk Score; ARIC, Atherosclerosis Risk in Communities; AUC, area under the curve; CHD, coronary heart disease; GRS, genetic risk score; SNP, single nucleotide polymorphism.
CHD beyond traditional risk factors (3) (4) (5) . Genetic polymorphisms contributing to CHD incidence are another type of emerging risk factor under investigation in studies generally focused on a priori selected candidate genes (6, 7) . Advances in genomic technologies have made it possible to genotype and evaluate many single nucleotide polymorphisms (SNPs) throughout the human genome to identify novel CHD susceptibility genes (8) . The reported contribution of any single gene variant to CHD risk has been small, underscoring the polygenic nature of the disease. This paper describes aggregation of the contribution of multiple SNPs into a single genetic risk score (GRS). The GRS comprises SNPs selected from both candidate genes and genes identified through large-scale genomic association studies of CHD. Identification of the definitive set of SNPs for inclusion in a GRS is evolving and was not the primary aim of this study. Rather, the SNPs described here are used to illustrate the concept of a GRS and to investigate whether addition of a GRS improves the prediction of incident CHD beyond that afforded by traditional risk factors. Replication of the predictive ability of the GRS is needed in other population-based samples.
MATERIALS AND METHODS
The ARIC study
The ARIC study is a prospective investigation of atherosclerosis and its clinical sequelae involving 15,792 US individuals aged 45-64 years at recruitment (1986) (1987) (1988) (1989) . A detailed description of the ARIC study design and methods is published elsewhere (9) .
Incident CHD
Incident CHD was determined by contacting participants annually and by surveying discharge lists from local hospitals and death certificates for potential cardiovascular events (10) . Details on quality assurance for ascertainment and classification of CHD events have been published elsewhere (10) . CHD cases (n ¼ 1,452) were defined as participants with either definite or probable myocardial infarction, a silent myocardial infarction between examinations (indicated by electrocardiogram), a definite CHD death, or a coronary revascularization. Participants were excluded from analyses if they had a positive or unknown history of prevalent stroke, transient ischemic attack/stroke symptoms, or CHD at the initial visit; an ethnic background other than Blacks from Jackson, Mississippi, or Whites; restrictions on use of their DNA; or missing data for any of the traditional cardiovascular risk factors. The remaining 13,907 participants were followed for incident CHD for a median of 13 years between the baseline examination and December 31, 2001.
Examination and laboratory measures
Cardiovascular risk factors considered in this study were measured at baseline and included age, systolic blood pressure, use of antihypertensive medication, total cholesterol, high density lipoprotein cholesterol, gender, diabetes, and smoking status. These risk factors comprise the ARIC Cardiovascular Risk Score (ACRS) established by Chambless et al. (3) and are shown in table 1 for male and female cases and controls in each racial group. Seated blood pressure was measured three times with a random-zero sphygmomanometer, and the last two measurements were averaged. Interviewers administered a questionnaire to assess use of antihypertensive medication. Plasma total cholesterol was measured by an enzymatic method (11) . High density lipoprotein cholesterol was measured after dextran-magnesium precipitation of non-high density lipoproteins (12) . Diabetes was defined by a fasting glucose level of 126 mg/dl, a nonfasting glucose level of 200 mg/dl, or a self-reported diagnosis of diabetes or use of diabetic medication. Cigarette smoking status was classified as current or not current.
Genotype determination
Two sources of SNPs were screened for their ability to predict incident CHD in the ARIC study. Multiple, largescale genomic association studies of CHD identified 92 SNPs in 87 genes, and a literature review of CHD association studies resulted in the selection and genotyping of 24 SNPs in 21 a priori candidate genes (Web table 1; this information is described in a supplementary table referred to as ''Web table 1'' in the text and posted on the Journal's website (http://aje.oupjournals.org/).) Genotyping was carried out by allele-specific real-time polymerase chain reaction following polymerase chain reaction-based amplification of genomic DNA and an oligonucleotide ligation assay similar to a procedure previously described (13) . Primers were designed and validated in-house, and the primer and probe sequences for the amplification reactions and any additional information about the genotyping methods are available from the authors upon request. Previous analyses of allele-specific real-time polymerase chain reaction assays showed that the accuracy of our genotyping is greater than 99 percent, as determined by internal comparisons of differentially designed assays for the same marker and comparisons for the same marker across different studies (14) .
The 92 SNPs from the genomic association studies demonstrated a consistent association with CHD, either myocardial infarction or severe coronary artery disease, in one of three case-control studies. Subjects were self-described nonHispanic Whites who were recruited as previously detailed by Shiffman et al. (15) , had completed a questionnaire approved by the institutional review board, and gave informed consent to participate in genetic studies. The severe coronary artery disease study comprised 781 cases and 603 controls drawn from 5,800 angiography patients enrolled by the Cleveland Clinic Foundation. The severity of coronary artery disease was scored by summing the percentage of stenosis (determined by coronary angiography, lesions of <50 percent stenosis were scored as 0 percent) in 10 segments: the left main, and the proximal, medial, and distal segments of each of the left anterior descending, left circumflex, and right coronary arteries. Cases had the highest stenosis scores: at least 150 for males and 75 for females. Controls had stenosis scores of zero (unpublished data). In two association studies of myocardial infarction, cases with a history of myocardial infarction were compared with controls with no history of myocardial infarction. These myocardial infarction studies comprised 340 cases and 346 controls enrolled at the University of California, San Francisco (15) 
Statistical analyses
Agreement of genotype frequencies with Hardy-Weinberg equilibrium expectations was tested by using a v 2 goodnessof-fit test for the controls.
Traditional cardiovascular risk factors were evaluated in a Cox proportional hazards model of time to incident CHD (3). For incident CHD cases, the follow-up time interval was defined as the time between the initial clinical visit and the date of the first CHD event. For noncases, follow-up continued until December 31, 2001; the date of death; or the date of last contact if lost to follow-up. Each model was evaluated separately among Whites and Blacks. An ACRS was calculated for each subject by multiplying each model coefficient by the associated risk-variable value and then summing the products.
For each race, the 92 gene discovery SNPs and the 24 candidate gene SNPs were modeled as the additive effect of the risk-raising allele and were individually evaluated by Cox proportional hazards models adjusted for age and gender. The risk-raising allele is the allele that resulted in a hazard rate ratio greater than 1.0 for Whites. Within each race, SNPs associated with p values greater than 0.10 were pruned from further consideration for inclusion in the GRS. This pruning criterion was chosen so that SNPs conferring only modest levels of CHD risk could be aggregated into the GRS. SNPs associated with p values less than or equal to 0.10 entered the race-specific GRS with a coding value of 1 for the risk homozygote, 0 for the heterozygote, and ÿ1 for the nonrisk homozygote. The GRS for each individual was created by summing these values for each SNP in the GRS.
For each race, the GRS was included in a Cox proportional hazards model containing the traditional risk factors comprising the ACRS. A new combined risk score was calculated for each individual (ACRS þ GRS) by multiplying each model coefficient by the associated risk variable and then summing the products. The area under the receiver operating characteristic curve equals the probability that a randomly drawn subject who had an incident event within a specified time would have a higher risk score than a subject who did not have an event in that time period. An area under the curve (AUC(t )) for t equal to 13 years was calculated for both the ACRS and the ACRS þ GRS (16) . The AUC(t ) is a consistent predictor of the area under the sensitivity(t) versus 1 -specificity(t) curve for prediction of t years of risk. A comparison of the AUC(t) between the ACRS alone and the ACRS þ GRS was performed via bootstrapping and evaluating the overlap of the 95 percent confidence interval of the point estimates (i.e., the median difference in AUC(t ) among bootstrap samples).
An internal validation method using a bootstrap sampling procedure (16) was used to evaluate potential upward bias in the estimated hazard ratio of the GRS in the ARIC study. The seven-step procedure was implemented as follows:
1. Create a bootstrap sample by randomly sampling N participants with replacement from the original sample, where N is the total number of participants in the original sample. 2. Select a new panel of GRS SNPs from the bootstrap sample by using the same criteria used to select the panel of SNPs from the original sample. 3. In the bootstrap sample, estimate the regression coefficient for the GRS by using a Cox proportional hazards model adjusted for age and sex. 4. In the original sample, use the new panel of SNPs to create a GRS for each subject and estimate the regression coefficient (adjusted for age and sex) for the GRS. 5. Subtract the regression coefficients calculated in step 4 from those in step 3 to obtain an estimate of the bias in the regression coefficient. 6. After performing 2,000 iterations of steps 2-5, calculate the mean of the estimated bias in the regression coefficient. 7. Subtract the mean bias in the regression coefficient as calculated in step 6 from the regression coefficient determined in the primary analysis to obtain an estimate for a bias-corrected hazard ratio.
RESULTS
Of the 92 discovery SNPs and 24 candidate SNPs genotyped in the ARIC cohort, 110 and 112 were in accordance with Hardy-Weinberg expectations in Whites and Blacks, respectively. Of these SNPs, 11 in Whites and 11 in Blacks were selected for inclusion in the GRS based on their nominal association with incident CHD in a Cox proportional hazards model (p 0.10). The GRS for each race included 10 SNPs from the 92 gene discovery SNPs and one SNP from the 24 a priori candidate gene SNPs. These SNPs, the genes in which they reside, allele frequencies, and results of the Cox proportional hazards modeling are detailed in table 2. This same information for all 116 SNPs is presented in Web table 1. The two ADAMTS1 SNPs, rs428785 and rs402007, are separated by 725 base pairs, and the genotypes were 99.7 percent concordant, demonstrating strong linkage disequilibrium. Therefore, only rs402007 was chosen to enter the GRS, resulting in a GRS for Whites composed of 10 SNPs. Only rs20455 in KIF6 was common between races for the SNPs selected for inclusion in the GRS.
As expected, each of the traditional cardiovascular risk factor components of the ACRS was statistically significant when evaluated in a Cox proportional hazards model. Additionally, the components of the ACRS were significantly different between males and females except for the proportion of Whites using antihypertensive medication and smoking (data not shown). The GRS for Whites, based on the 10 SNPs described in table 2, was calculated for 8,361 individuals and ranged from ÿ7 to 6. The GRS for Blacks, based on 11 SNPs (table 2), was calculated for 2,624 individuals and ranged from ÿ9 to 5. The GRS was normally distributed for each race ( figure 1 ). The range of individual risk scores indicates that no individual of either race had all risk-raising alleles or all risk-lowering alleles. This finding is consistent with the hypothesis that, as a complex disease, CHD incidence is the result of a balance of the contribution of multiple genes with small effects.
The association of the GRS with CHD in each race was tested in a Cox proportional hazards model containing the traditional risk factors comprising the ACRS. For both Whites and Blacks, the GRS was a significant predictor of incident CHD after accounting for the effects of the traditional risk factors (p < 0.01). The hazard ratios were 1.10 per unit (95 percent confidence interval: 1.06, 1.14) for the GRS for Whites and 1.20 per unit (95 percent confidence interval: 1.11, 1.29) for the GRS for Blacks. Thus, for a White homozygous for six at-risk alleles or a Black homozygous for five at-risk alleles, the hazard rate ratio would be 1.77 or 2.49, respectively. The GRS was also a significant predictor of incident CHD after accounting for the effects of the traditional risk factors (p < 0.02) in gender-specific analyses within each race (data not shown). Use of an internal validation method based on a bootstrap sampling procedure indicated that in the 2,000 bootstrap samples, the SNPs in the original GRS panels for Whites and Blacks were the most frequently chosen for these new panels. The bootstrap estimate of a bias-corrected hazard ratio was 1.05 for the GRS for Whites and 1.09 for Blacks.
Next, the area under the receiver operating characteristic curves for the ACRS þ GRS model, which included both genetic and traditional risk factors, was compared with the AUC for the ACRS model, which included only the traditional risk factors. For each race, including the GRS in the model used to calculate risk scores increased the AUC over that observed when the receiver operating characteristic curve was based on only traditional risk factors (figure 2). For Whites, the AUC was 0.766 for the ACRS þ GRS model and 0.764 for the ACRS model. The increase in the AUC for Whites was 0.002 (95 percent confidence interval: 0.000, 0.006). For Blacks, the AUC was 0.769 for the ACRS þ GRS model and 0.758 for the ACRS model. The increase in the AUC for Blacks was 0.011 (95 percent confidence interval: 0.002, 0.024). Thus, for Whites, the 95 percent confidence interval of the increase barely included zero (i.e., the null hypothesis), indicating that the increase in the AUC caused by including the GRS is marginally statistically significant at the 0.05 level. For Blacks, the 95 percent confidence interval of the increase did not include zero, suggesting that the increase in AUC caused by including the GRS is statistically significant.
To further investigate the ability of the GRS to predict incident CHD in the context of different levels of traditional risk for CHD, the association of the GRS with risk of CHD was evaluated within each tertile (e.g., 33.33 percentile) of the ACRS by a Cox proportional hazards model (table 3) . Within each tertile of the ACRS, the GRS was a statistically significant predictor of incident CHD in both races (p 0.02). Additionally, the interaction between the GRS and the ACRS was not statistically significant for Whites (p ¼ 0.62) or Blacks (p ¼ 0.12), further supporting the idea that the GRS is predictive of CHD risk across the spectrum of traditional risk factors. 
DISCUSSION
This study introduces the concept of a GRS that aggregates information from multiple genetic variants into a single score and indicates that a GRS can improve the ability to predict incident CHD beyond that afforded by traditional nongenetic risk factors. For both Blacks and Whites, the GRS was statistically significantly associated with CHD incidence in the ARIC cohort after adjustment for traditional risk factors as well as within all tertiles of the ACRS. Statistically significant risk prediction was further confirmed for Blacks, where inclusion of the GRS significantly increased the area under the receiver operating characteristic curves beyond that provided by the conventional risk factors. For Whites, the increase in the AUC was marginally statistically significant. Improvement in the prediction of incident CHD by inclusion of the GRS in the model is on the magnitude observed for traditional risk factors, such as total cholesterol levels. Removing total cholesterol from the ACRS for Whites compared with the ACRS model resulted in a difference in the AUCs equal to 0.014 (95 percent confidence interval: 0.009, 0.020).
Several assumptions were made in calculating and investigating the GRS. First, gene discovery for CHD is an active area of research, and the set of SNPs selected for inclusion in the GRS is not definitive. Following up genetic linkage analyses (17, 18 ) and large-scale genomic association studies (8, 15) will undoubtedly identify new gene variants that should be incorporated into a GRS. Second, we generated and tested this GRS in the same sample set. Testing in independent sample sets is warranted to further investigate the prediction of CHD by this GRS. Third, the GRS risk score was calculated by using a linear weighting of ÿ1, 0, 1 for genotypes containing zero, one, or two risk alleles, respectively. This method did not attempt to incorporate specific genetic models. The additive model has been shown to perform well, even when the underlying model is unknown or wrongly specified (19) . However, more detailed dominance patterns should be considered when a definitive set of SNPs is identified for the GRS. Additionally, this method did not attempt to weigh the SNPs by using the coefficients from the survival analysis or to include gene-gene or gene-environment interactions in calculating the GRS. The relation between the GRS and environmental measures, such as the traditional risk factors comprising the ACRS, has been addressed in other contexts (table 3) . Overall, the intention was to demonstrate the concept of aggregating information from multiple SNPs into a risk score and to create a score that was simple to calculate and generalizable. Finally, different populations and population strata may be most appropriately evaluated with their own group-specific GRS. In this analysis, self-reported race was used as a stratifying variable and race-specific scores were calculated because of the significant differences in allele frequencies between races for the SNPs analyzed here. Several other approaches to creating a score statistic for predicting disease have been reported. Horne et al. (20) introduced a regression method for calculating a risk score that incorporated three genetic polymorphisms and other risk factors, and they found that the frequency of CHD was different at different regression score levels. In a simulation study, Ortlepp et al. (21) concluded that multiple SNPs are better than single SNPs and that as many as 200 SNPs may be necessary for ''reasonable'' genetic discrimination. Aston et al. (22) suggest that a score based on 90 SNPs in 78 genes can predict risk of breast cancer, but the identity of the SNPs and the algorithm for calculating the score remain proprietary. To our knowledge, there have been no previous applications of a GRS for predicting incident disease in a longitudinal context.
It is noteworthy that of the 21 a priori candidate genes considered, only the b3 adrenergic receptor (ADRB3) in Whites and thrombospondin-2 (THBS2) in Blacks predicted CHD in the ARIC study. The failure of the other 19 a priori candidate genes, despite their previously reported associations with CHD, is likely due to the modest level of risk associated with any single polymorphism. Calculations reveal that the smallest detectable SNP-associated risk in this study at 80 percent power was a hazard rate ratio equal to 1.02 for Whites and 1.03 for Blacks. SNPs that truly confer only modest risk will not replicate in every study. This issue inspired us to investigate the concept of aggregating the polygenic contribution of multiple SNPs into a single GRS. Of the variation identified from the large-scale genomic analyses, only F2, which encodes prothrombin, was from a probable candidate gene. The SNP rs1799963 encodes a G-to-A nucleotide substitution in the 3#-untranslated region of the gene. Table 2 shows that this SNP had the single largest hazard ratio, and it has previously demonstrated an association with elevated levels of plasma prothrombin and with increased risk of venous thrombosis (23) . The second largest hazard ratio in table 2 was for an SNP in ZNF132. ZNF132 is a transcription regulatory protein thought to be involved in cell proliferation, and rs1122955 encodes a Gto-D substitution at amino acid 203 in the polypeptide (24) . The SNP in KIF6 merits additional comment because it was the only SNP included in the GRS for both Whites and Blacks. KIF6 is homologous to members of the kinesin gene family, playing a role in intracellular transport (25) . In follow-up studies, KIF6 gene variation is associated with measures of body size and insulin resistance (Morrison and Boerwinkle, unpublished observation). That the other genes are not significantly associated with CHD in both groups is of interest. Previous epidemiologic research has identified both similarities and differences in the influence of established cardiovascular risk factors between Blacks and Whites. In particular, in the ARIC study, low density lipoprotein cholesterol is similarly predictive of incident CHD in both groups, whereas hypertension is more predictive for Blacks than for Whites (26) . In the current study, differences in genetic risk between Blacks and Whites may be attributable to differences in allele frequencies, linkage disequilibrium patterns, and sample sizes leading to differences in statistical power between the two groups.
That genetic information can be used for disease prediction is evident from the fact that both the American Heart Association and the Centers for Disease Control and Prevention recognize a positive family history as a risk factor for CHD and provide elaborate tools to help individuals assess their own family's history of disease (http:// www.s2mw.com/aha/fht/index.aspx, http://www.cdc.gov/ genomics/public/famhist_alt.htm). Family history is a complex construct, entailing both genetic and common environmental components. Because an individual receives only half of each of his or her parent's genes, explicit evaluation of an individual's genetic constitution should provide a better assessment of genetic risk than family history. A GRS, like a positive family history, captures the summed effects of multiple genes. The results presented here argue for continued research in exploring the utility of a GRS for identifying those at most risk of CHD and for guiding treatment. y Hazard rate ratios (HRRs) are for a one-unit increase in the genetic risk score.
